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Abstract. In 2015 an IWT-TETRA project, called DurOBet, was initiated focusing on service life 
design assessment according to different chloride diffusion and carbonation models applied on 
Belgian concrete mixtures. The main purpose of this research project is to develop a quantitative 
method for a service-life based design of concrete structures, more particular applicable for the 
Belgian concrete industry. In this way an improvement of the deemed-to-satisfy approach of the  
EN206-1 code can be established which is more reliable with regards to service life predictions of 
concrete structures. 
 
In the framework of this DurOBet project it was decided to develop an extensive database 
incorporating concrete related results on i) fresh properties, ii) hardened properties and iii) durability 
related properties such as porosity, permeability and more specifically on chloride ingress and 
carbonation. The data originate from numerous journal articles and conference papers, doctoral 
research projects and master thesis studies. At this time more than 100 papers or studies were 
investigated, reported between 1992 and 2016, generating a dataset of over a thousand unique 
concrete recipes, geographically spread but with focus on the concrete mixes applicable for the 
Belgian industry. Both traditional and self-compacting concrete mixes are incorporated into the 
database. 
 
This database is being used for the analysis of the durability related properties, such as the chloride 
diffusion and carbonation coefficient, and their relation with mix proportioning parameters of the 
concrete mixtures (cement or binder content, type of binder, water-to-binder ratio,…). The main 
focus of this paper is to highlight the framework of the database: the mix proportioning of the 
concrete mixes is being discussed and the origin of the concrete data (country, reference info, etc.). 
By means of data mining and some known relations with respect to the durability related properties, 
e.g. correlation between w/b-ratio and chloride diffusion coefficient, are being evaluated. 
 
 
 Introduction 
 
Corrosion of reinforced concrete structures is one of the major causes for concrete deterioration and 
reduction of the durability and life expectations of these structures. The increasing amount of 
prematurely deteriorating concrete infrastructure and structures worldwide, which is linked mainly 
to the effect of reinforcement corrosion, has resulted in significant efforts to develop technically 
sound methods for concrete durability design and specification. In the past, several research projects 
were initiated dealing with this matter and numerous results were published in state-of the art 
reports, journal and conference papers, doctoral theses, etc.  
 
In 2015 an IWT-TETRA project, called DurOBet, was initiated focusing on service life design 
assessment for concrete structures with special focus on the different chloride diffusion and 
carbonation models applicable on Belgian concrete mixtures. The main purpose of this research 
project is to develop a quantitative method for a service-life based design of concrete structures, 
more particular applicable for the Belgian concrete industry. In this way an improvement of the 
deemed-to-satisfy approach provided by means of the  EN206-1 code will be established which is 
more reliable with regards to service life predictions of concrete structures. 
 
In the framework of this DurOBet project it was decided to develop an extensive database 
incorporating concrete related results on i) fresh properties, ii) hardened properties and iii) durability 
related properties such as porosity, permeability and more specifically on chloride ingress and 
carbonation. The data originate from numerous journal and conference papers, doctoral research 
projects and master thesis studies of Flemish universities (Ghent University, KULeuven). At this 
time more than 100 papers or studies were investigated and implemented, reported between 1992 
and 2016, generating a dataset of over a thousand unique concrete recipes, geographically spread but 
with focus on the concrete mixes applicable for the Belgian industry. Both traditional and self-
compacting concrete mixes are incorporated into the database. 
 
This database is being used for the analysis of the durability related properties, such as the chloride 
diffusion and carbonation coefficient, and their relation with mix proportioning parameters of the 
concrete mixtures (cement or binder content, type of binder, water-to-binder ratio,…). The main 
focus of this paper is to highlight the framework of the database: the mix proportioning of the 
incorporated concrete mixes is being discussed and the origin of the concrete data (country, 
reference info, etc.) is being discussed. By means of data mining and with respect to the durability 
related properties some known relations, e.g. correlation between w/b-ratio and chloride diffusion 
coefficient, are being evaluated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Corrosion causing mechanisms 
 
Passivation 
Reinforcement steel in concrete is passivated because of the alkaline environment of sound concrete 
(pH of 12 to 13) at the steel surface. This creates a protective layer around the steel reinforcement: 
the steel cannot corrode as long as this passivation is prevailing. However, primarily this passivation 
can be broken in two ways: 
- carbonation causing a drop in pH in the carbonated part of the concrete; 
- chloride ingress causing a chloride content at the steel surface above a certain critical 
chloride content. 
 
After depassivation and corrosion initiation, the rate of corrosion depends on the concrete 
properties, the thickness of the cover and the temperature and humidity conditions at the steel 
surfaces and in the cover. This propagation process is not dealt with here, since in most applications 
the service-life is defined to end at the start of the propagation period.  
 
Carbonation 
Carbonation is a combined process of diffusion of CO2 through the open pores of concrete into a 
carbonation front where a chemical reaction occurs where CO2 reacts with the cement paste  
hydrates. The main causative mechanism of carbonation is the reaction of atmospheric CO2 with 
calcium hydroxide (Ca(OH)2), one of the cement hydration products. Calcium carbonate is 
precipitated. Water is not consumed but is needed in the transformation.  
 
Ca(OH)2 + CO2  → CaCO2 + H2O           (1) 
 
Other constituents of the concrete, such as calcium silicate hydrate (CSH) can also carbonate but 
this process is slow and takes place in a smaller scale [2]. 
 
The carbonation reaction will keep on going until all calcium hydroxide is transformed to calcium 
carbonate. This process reduces the pH of concrete to about 9. The reduced pH will be able to 
dissolve the protective passivation layer of the reinforcement, and corrosion of steel will be possible 
in the presence of oxygen and water. The carbonation process takes place uniformly over the 
concrete surface and hereby carbon dioxide gas or carbonate ions must pass through a carbonated 
surface into the material to reach fresh concrete. This is a diffusion process governed either by 
carbon dioxide gas or by carbonated ions, which in turn is controlled by the water saturation of the 
capillary system. The carbonation will slow down, as the carbon dioxide must pass through a 
thickening layer of its alteration products. Furthermore the precipitated carbon carbonate will adopt 
more volume in the cement paste, the pores will narrow and diffusion of carbon dioxide will be 
more difficult. To conclude: the rate of carbonation decreases in time [3,4], and the depth of the 
carbonated concrete X [mm] can be estimated by means of Eq. (2), with t the age of the concrete 
(time of exposure expressed in [years]) and kc the carbonation coefficient ([mm/√years]): 
 
X = kc·√t              (2) 
 
The determination of the carbonation coefficient is recorded in NBN EN 13295 (2004). An 
accelerated test method is used and test results are compared to a reference concrete to determine 
the resistance to carbonation. The measurement of the carbonation depth is described in NBN EN 
14630: this set-up uses phenolphthalein, which is a pH indicator and changes in color at pH 9. 
Spraying this on a split concrete surface, the non-carbonated zone will cause a color change. This 
change allows to measure the carbonation depth. Other methods often used to determine the 
carbonation depth are: FT-IR spectrum analysis, thermo-gravimetric analysis and X-ray diffraction. 
 Chloride Ingress 
Chloride ions are another cause of the destruction of the passivation layer. Chloride ions can destroy 
the protecting passivation layer of iron oxides and iron hydroxides locally. They compete with the 
hydroxyl ions in the pore water and corrosion is initiated beyond a certain [Cl-]/[OH-] concentration 
ratio. There are two main groups of chlorides in concrete structures: (i) chloride ions can penetrate 
from the exterior if concrete is in contact with e.g. sea water (marine environment) or road 
structures in contact with de-icing salts. They (ii) can also be present in concrete from the very 
beginning, e.g. when calcium chloride is applied as an accelerator or when beach sand contaminated 
with salt is used as a fine aggregate. 
 
There are different ways for chlorides to penetrate in concrete constructions. If the concrete surface 
is dehydrated, penetration can take place by capillary suction of chloride containing solutions. When 
the concrete is saturated with water, diffusion can occur. In case of an electric field or a hydrostatic 
gradient, migration can also take place. Although this latter phenomenon is rather exceptional in 
practice, a lot of test methods for determining the chloride penetration into concrete, use an electric 
field in order to accelerate the test.  
 
Although capillary suction is the fastest phenomenon, diffusion will be the most common 
phenomenon of penetration. In practice, it is only the outer 15 to 20 mm of the concrete shell which 
absorbs water. Deeper into the concrete, diffusion is the common way of transport [4].  
 
In the case of wet concrete that is saturated with water, chloride penetration from the exterior can be 
calculated by Fick’s second law: 
 
∂C/∂t = D·∂²C/∂x²             (3) 
 
When the chloride concentration C at the concrete surface and the diffusion coefficient D are 
known, the chloride concentration can be calculated at each location x of the concrete, as well as the 
time t left before corrosion occurs [5]. 
 
In contrast to carbonation of concrete, which leads to a steady deterioration of the reinforcement, 
chlorides will provide very localized corrosion spots, also called pitting corrosion. Structurally, this 
type of corrosion is very dangerous, since the reinforcing section locally decreases, and there is 
hardly any effect of a warning, as only the local corrosion product is formed, in contrast to the 
deterioration by carbonation.  
 
Different test methods are available to determine the diffusion coefficient related to the chloride 
ingress. They can be divided into three categories: 
- Steady state diffusion tests; 
- Non-steady state diffusion tests; 
- Electrical migration tests. 
 
Examples of these test set-ups will be discussed later on in the paper. 
 
  
 
 
 
 
 
 
 Parameters affecting carbonation and chloride ingress 
Previous research [5, 6] has indicated that several parameters can affect the rate of carbonation 
(carbonation coefficient kc) and chloride ingress (diffusion coefficient D). In literature these 
parameters are mentioned, as listed below: 
- Parameters related to the concrete composition: water-to-cement ratio, water-to-binder ratio, 
amount of cement and/or binders, type of cement and/or binders; 
- Parameters related to the concrete properties: compressive strength, porosity, permeability, 
presence of cracks, hydration degree, age of the concrete, exposure time; 
- Parameters related to the environment and the test set-up: curing regime of the concrete, 
temperature, relative humidity, CO2-concentration, concentration of the chlorides. 
 
The way these parameters influence the rate of carbonation and the penetration ratio of the chloride 
ions is listed in Table 1. Most of these parameters are included in the framework of the database, as 
can be seen in Fig. 1. 
 
Table 1. Parameters influencing kc (carbonation) and D (chloride penetration) 
 
Parameter Change kc D 
Concrete composition    
     Water-to-binder ratio ↑ ↑ ↑ 
     Cement content ↑ ↓ ↓ 
     Use of latent hydraulic binders (slag) ↑ ↑ ↓ 
     Use of puzzolanic binders (fly ash,…) ↑ ↑ ↓ 
Concrete properties 
 
  
     Compressive strength ↑ ↓ ↓ 
     Permeability ↑ ↑ ↑ 
     Presence of cracks ↑ ↑ ↑ 
     Hydration degree (age of concrete) ↑ ↓ ↓ 
Environmental parameters 
 
  
     Curing regime of the concrete ↑ ↓ ↓ 
     Temperature ↑ ↑ ↑ 
     Relative humidity ↑ 0-50%↓  
50-80% ↑ 
80-100%↓ 
↑ 
     Exposure concentration (CO2, Cl-) ↑ ↑ ↑ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Description of the Database 
 
The overall structure of the database (in terms of general data categories) is schematically 
represented in Figure 2. 
 
Figure 2. Structure of the database [6] 
 
The database is structured around the concrete mixtures. From each paper the different mixtures are 
taken and implemented. Information is gathered (if available in the paper) on the paper itself 
(reference information, authors, journal-conference name, unique ID) and on the concrete 
composition (cement type and amount, type of binder and amount, the water content, the use of 
admixtures, the amount and type of sand and/or aggregates).  
Linked to each concrete mixture information is implemented on the fresh concrete properties, the 
compressive strength and the transport properties  (porosity, permeability, etc.). Regarding the 
chloride and carbonation properties the migration and/or diffusion coefficient is mentioned next to 
the test age and test set-up. Furthermore details on the curing regime and the environmental 
parameters (temperature and relative humidity) are included. 
 
Over the years a lot of research regarding chloride penetration and carbonation has been executed.  
All implemented concrete compositions with the corresponding test results were found in journals, 
conference reports, doctoral theses and master dissertations. The used papers were mainly published 
in: Cement and Concrete Research, Cement and Concrete Composites Materials and Structures and 
Construction and Building Materials. The oldest publication dates from 1992, the most recent dates 
from 2016. There are more than 1133 mixtures added to the database, found in 108 papers, realising 
a data-set of 3199 test results. 
 Analysis of the Database 
General Observations 
The gathered data represents results from tests conducted in over 35 countries. Most research 
reported in international publications is done in Europe, China and North-America, but results are 
reported from Algeria, India, South-Korea, Brazil, Thailand, etc. as well. The geographical 
distribution of the analysed papers’ origin is shown in Figure 3. 
  
 
 
Algeria 1 0,85%   Germany 1 0,85%   Spain 5 4,24% 
Argentina 1 0,85% Greece 2 1,69% Taiwan 6 5,08% 
Australia 1 0,85% India 1 0,85% Thailand 2 1,69% 
Belgium 18 15,25% Israel 1 0,85% Turkey 2 1,69% 
Brasil 2 1,69% Italy 2 1,69% UK 3 2,54% 
Canada 10 8,47% Mexico 1 0,85% USA 2 1,69% 
China 11 9,32% The Netherlands 11 9,32% South Africa 1 0,85% 
Denemark 2 1,69% Portugal 8 6,78% South Korea 6 5,08% 
Egypt 1 0,85% Singapore 1 0,85% Sweden 7 5,93% 
France 6 5,08%   Slovenia 1 0,85%   Switserland 2 1,69% 
 
Figure 3: Geographical distribution (Europe on figure, worldwide in table) of the analysed 
papers’origin 
 
As the database contains results from over 108 papers, it can provide insights on the concrete 
behaviour regarding carbonation and chloride penetration. The main purpose of the DurOBet-
project is to develop a quantitative method for a service-life based design of concrete structures, 
more particular applicable for the Belgian concrete industry. Therefore, particularly the results 
originating from Belgium (and in extent: Europe) are the most interesting for further analysis.  
 
 
M 
 
 Mix Composition 
Table 2 presents an overview of some of the major mixture properties of the different concrete 
mixtures added to the database. Besides the maximum and minimum values, the mean values are 
provided as well as 10 and 90 percentile values.  
 
Table 2. Applied ranges of mixture properties for the implemented mixtures 
 
Property Unit Min. 10 percentile Mean 
90 
percentile Max. 
Cement content [kg/m³] 0 210 342 450 1321 
Binder content [kg/m³] 52 280 383 478 1321 
Powder content [kg/m³] 221 300 398 485 1321 
Sand content [kg/m³] 0 521 697 877 1977 
Aggregate content [kg/m³] 0 734 1129 1776 1983 
Water content [kg/m³] 79 140 178 225 517 
W/C - 0,18 0,35 0,58 0,81 3,35 
W/B - 0,20 0,35 0,50 0,65 3,35 
W/P - 0,13 0,32 0,46 0,60 0,91 
C/P - 0,00 0,50 0,87 1,00 1,00 
S/A - 0,00 0,33 0,48 1,00 1,00 
Max. grain size [mm] 5 10 15 25 32 
 
 
All types of cement are applied: CEM I, CEM II, CEM III, CEM IV, CEM V (according to 
European standard EN206-1). On average 342 kg per 1 m³ of concrete is added.  
 
As addition material, inert as well as pozzolanic materials are widely used. In less than 50% of the 
mixtures (542 of 1133 mixtures) alternative binders were added to the concrete mix, both as cement 
replacer or in addition. An overview: 
- Fly ash:    used in 213 mixtures = 39,4% 
- Silica fume or microsilica: used in 105 mixtures = 19,4% 
- Blast furnace slag:  used in 87 mixtures = 16,0% 
- Limestone filler:   used in 81 mixtures = 15,0% 
- Others (quartz, rice ash,…) used in 56 mixtures = 10,3% 
 
Less common fillers (but nonetheless used in some cases) are quartz filler, rice ash, natural 
puzzolans, glass filler, etc. 
 
Values of the water-to-cement ratio (W/C) are mentioned in Table 1, with values between 0,18 and 
3,35 and a mean value of 0,58. The highest reported W/C is relatively high, but it has to be 
emphasized that, in general, also other types of binders are used. The mean water-to-binder ratio 
(W/B) is 0,50, while individual values range from 0,20 up to 3,35 (Fig. 3). 
 
  
Figure 4. Histogram of the applied W/B-ratio in the mixtures (based on 1133 mixtures) 
 
 
Properties related to carbonation and chloride ingress 
In a majority of the test results the compressive strength of the concrete mixtures is determined, 
either on cubic samples (side 150 mm), or cylindrical ones (diameter 150 mm, height 300 mm). 
These test results are included into the database, with mean values of 49,40 MPa and 48,60 MPa 
respectively.  
 
Regarding carbonation, the carbonation coefficient and/or the carbonation depth, mostly determined 
by means of the phenolphthalein set-up, is mentioned. A mean value of 1,24 mm/√years and 7,74 
mm is found respectively.  
 
Table 3. Reported test results regarding carbonation, chloride penetration and hardened concrete 
properties 
 
Test results Unit # Results Min. 
10 
percentile Gem. 
90 
percentile Max. 
Chloride migration [E-12 m²/s] 1037 0,02 1,00 8,78 18,00 310,00 
Chloride diffusion [E-12 m²/s] 1006 0,04 0,50 4,27 9,47 140,00 
Carbonation coefficient kc [mm/√years] 1304 0,00 0,08 1,24 3,02 18,14 
Carbonation depth [mm] 899 0,00 1,00 7,74 16,84 50,00 
Cube Compressive strength [MPa] 1670 13,00 26,51 49,40 74,90 141,00 
Cylinder Compressive strength [MPa] 327 16,60 27,90 48,60 73,90 97,80 
Porosity [%] 343 0,5% 4,3% 11,3% 16,3% 20,0% 
 
 
 
 
 For the chloride penetration and the determination of the diffusion and/or migration coefficient D, a 
list of different test methods can be found, as mentioned in Table 4. These different test methods 
can be classified according to the used test principle. Different coefficients, which are not 
particularly linked to each other, can be found: 
- Steady-state migration coefficient Dssm; 
- Non-steady-state migration coefficient Dnssm; 
- Steady-state diffusion coefficient Dssd; 
- Non-steady-state diffusion coefficient Dnssd. 
 
Table 4. Overview of applied test methods for determination of chloride coefficient 
 
Test method # 
 
D 
AASHTO T259 18 0,89% Dnssd 
ASTM C114 20 0,99% Dnssd 
ASTM C1202 101 4,98% Dssm Dnssm 
ASTM C1556 178 8,77% Dnssd 
CUR-aanbeveling 48 14 0,69% Dnssd 
LNEC E390 3 0,15% - 
NT Build 335 34 1,68% Dssm 
NT Build 443 349 17,20% Dnssd 
NT Build 492 692 34,11% Dnssm 
SIA 262/1 16 0,79% Dnssm 
Unknown/not mentionned 604 29,77% - 
 
  
Correlations and sensitivity analysis 
Out of the obtained database it is tried to establish and verify some known correlations between the 
carbonation and chloride coefficients and some common concrete properties (such as compressive 
strength, water-to-binder ratio). This study, in combination with a sensitivity analysis of the 
influencing parameters as mentioned earlier, is still ongoing. 
 
For example: the correlation between the carbonation coefficient and the W/C ratio is extracted 
from the database and presented in Fig. 4 with the following restrictions: 
- Only results from Belgium and The Netherlands are being considered; 
- Concrete without additional binders (except for cement) is being considered; 
- Results with CO2 concentration that lie out of the range of 1% and 10% are excluded. 
 
A rather wide scatter of data-points is observed from the database. However some interesting trends 
are noticeable: (i) the carbonation coefficient increases with increasing water-to-cement ratio, (ii) 
the effect of the cement type: using slag instead of Portland cement (CEM III vs. CEM I) or 
increasing the slag percentage (CEM III/B vs. CEM III/A) increases the carbonation coefficient. 
These findings confirm the correlations that were mentioned in Table 1. 
 
Another example expresses the correlation between the chloride migration coefficient (determined 
via NTBuild 492) and the compressive strength. Although the data is very scattered, a trend is 
noticeable: higher compressive strength, e.g. obtained by increasing the W/B-ratio, decreases the 
chloride migration coefficient (Fig. 5). 
 
  
Figure 4. Correlation between carbonation coefficient and W/C-ratio, influence of cement type 
 
 
 
Figure 5. Correlation between chloride migration coefficient and compressive strength, influence 
of W/B-ratio 
 Summary 
In the framework of the DurOBet project (IWT-TETRA) an extensive database was developed 
incorporating concrete related results on i) fresh properties, ii) hardened properties and iii) durability 
related properties such as porosity, permeability and more specifically on chloride ingress and 
carbonation.  
 
This database is being used for the analysis of the durability related properties, such as the chloride 
diffusion and carbonation coefficient, and their relation with mix proportioning parameters of the 
concrete mixtures (cement or binder content, type of binder, water-to-binder ratio,…). The data 
originate from numerous journal articles and conference papers, doctoral research projects and 
master thesis studies. At this time 109 papers or studies were investigated, reported between 1992 
and 2016, generating a dataset of 1133 unique concrete recipes, geographically spread but with 
focus on the concrete mixes applicable for the Belgian industry.  
 
Further analysis of the data is ongoing: the scope is to establish and verify some known correlations 
between the carbonation and chloride coefficients and some common concrete properties (such as 
compressive strength, water-to-binder ratio), based on the data of the implemented concrete 
mixtures, and more specifically applicable for the Belgian concrete industry.  
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The reference list of all papers included in the database can be obtained by simple request to one of 
the authors. The list was too extensive for inclusion in this paper. 
